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Abstract
In the primate visual system relatively complex patterns such as curved shapes are ﬁrst represented at intermediate levels of
the ventral pathway. Furthermore, there is now evidence for the existence of curvature population coding in primate V4. We
sought to determine whether similar encoding occurs in the human visual system by using a context-dependent lateral masking
paradigm. In this paradigm a central closed contour comprising the test pattern is masked by surrounding larger or smaller
patterns with various conﬁgurations. Results indicate that test thresholds are not aﬀected by a circular control mask, and that
elevations are greatest when curvature extrema of the mask are aligned with those of the target. These lateral interac-
tions extend over greater than 1 and are tuned for target shape. Masking increases with the number of local curvature extrema
aligned with the target. Finally, masking persists when target and mask have orthogonal local orientations and increases
with mask amplitude. These ﬁndings are incompatible with local orientation-selective interactions (V1-mediated) but are
consistent with the existence of population codes based on curvature maxima at intermediate levels of processing (presumably
V4) in human vision. The paradigm we introduce provides a new tool for evaluating the representation of complex
percepts.
 2004 Elsevier Ltd. All rights reserved.1. Introduction
Analysis of visual shapes begins with the extraction
of local contour orientation in primary visual cortex
(V1). At higher levels of the ventral visual pathway local
contour information is integrated to analyze more com-
plex shapes in the visual scene. Previous research has
indicated that concentric, radial, and other complex
shapes are encoded by the responses of single neurons
in macaque V4 (Gallant, Braun, & Van Essen, 1993;
Gallant, Connor, Rakshit, Lewis, & Van Essen, 1996),
an intermediate level of the ventral pathway (Felleman
& Van Essen, 1991). Human psychophysical (Wilkinson,
Wilson, & Habak, 1998; Wilson & Wilkinson, 1998) and
fMRI (Wilkinson et al., 2000) data, and a study of a pa-
tient with partial V4 damage (Gallant, Shoup, & Mazer,0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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V4. Recent recordings from primate V4 have gone be-
yond this to suggest the existence of a population code
for complex curved shapes based upon locations of con-
vex curvature extrema deﬁning the shape (Pasupathy &
Connor, 2002). Do similar population codes for curved
shapes exist in the human visual system?
To answer this question, we here explore a novel form
of contextual interaction between shapes deﬁned by
curved contours laterally displaced from one another.
Simple contextual interactions, including collinear facil-
itation, occur at early levels of visual processing in V1
(Cavanaugh, Bair, & Movshon, 2002a, 2002b; Kapadia,
Westheimer, & Gilbert, 2000; Levitt & Lund, 1997,
2002; Li, Thier, & Wehrhahn, 2000, 2001; Polat, Miz-
obe, Pettet, Kasamatsu, & Norcia, 1998), but surpris-
ingly little is known of interactions dependent upon
global shape information. Perception of shapes deﬁned
by sinusoidal modulation of a circles radius (radial fre-
quency or RF patterns, Fig. 1a) has been shown to
Fig. 1. Stimuli: radial frequency patterns. (a) Radial frequency
patterns with increasing amplitude of deformation from circularity.
Targets and masks with radial frequencies of 5 were used throughout
the experiments, except where otherwise speciﬁed, and target radius
was always 1.14. (b) Contextual conditions: high amplitude contex-
tual pattern (mask, outer ring) remained ﬁxed and target thresholds
measured (inner ring). In all experiments, relative phase (rotation)
between mask and target was varied (0, 90 and 180 diﬀerence). (c)
The control contextual condition consisted of a circular mask, the
radius of which was adjusted so that distance to the target
corresponded to the closest distance between target and modulated
mask. (d) Target shown with an inner mask of smaller radius than the
target. (e) Target shown with two masks: 1 inner (smaller) and 1 outer
(larger). (f) Target shown with outer masks of diﬀering radial
frequency: 3, 6, and 10 (left to right).
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Loﬄer, Wilson, & Wilkinson, 2003; Wilkinson et al.,
1998), and there is evidence for V4 involvement (Gallant
et al., 2000; Wilkinson et al., 2000). Primate V4 physiol-
ogy reveals that cells in this region respond to convex
curvatures arrayed around an objects center (Pasupathy
& Connor, 2001, 2002). If similar properties hold for
human V4, one would predict the existence of context-
dependent interactions based on curvature or shape
rather than local orientation.
Conﬁgurations of RF patterns used in our experi-
ments are depicted in Fig. 1. As illustrated in Fig. 1b–
f, a constant size test pattern was surrounded either
inside or outside (or both) by a RF mask of large ampli-
tude. Amplitude thresholds for the detection of the RF
test pattern (versus circle) were measured as a function
of mask context, and are expressed as proportion of
change in radius (Weber fraction). The data demon-
strate lateral masking eﬀects that are strongly dependent
on the context deﬁned by the mask and not on local ori-
entations. These results support the existence of a curva-
ture population code in human vision for the complex
shapes exempliﬁed by radial frequency patterns.2. General methods
2.1. Observers
Five psychophysically experienced observers, three of
whom were naı¨ve to the goals of the experiment (DG,
SR, and AMC), participated in parts or all of this study
and had normal or corrected-to-normal vision.
2.2. Apparatus and stimuli
Stimuli were presented on an Apple iMac set to a res-
olution of 1024 · 768 pixels and a refresh rate of 75 Hz.
Contrast linearization was carried out using 150 equally
spaced grey levels. The monitor was viewed binocularly
from a distance of 131 cm (one pixel subtended 41.5
arc s) and mean luminance was 65 cd/m2.
Radial frequency (RF) patterns are deﬁned by a sinu-
soidal modulation of a circles mean radius such that
the RF radius r at polar angle h in radians is (Wilkinson
et al., 1998):
rð/Þ ¼ rmeanð1þ A sinðx/þ /ÞÞ ð1Þ
where rmean is the mean radius, A is the radial modula-
tion amplitude, x the radial frequency, and / the phase.
A circle corresponds to a radial modulation A = 0, and
increasing the amplitude leads to increasing deforma-
tions from circularity (RF patterns of varying
amplitude).
The cross-sectional luminance proﬁle of the contour
consisted of a fourth derivative of a Gaussian (D4) (Wil-
kinson et al., 1998):
D4ðrÞ ¼ C 1 4 r  rmean
r
 2
þ 4
3
r  rmean
r
 4 
eðrrmean=rÞ
2
where r is the radius from Eq. (1), C is the pattern con-
trast, and r determines the peak spatial frequency. Con-
trast was set to a maximum of 99%. The D4s full spatial
frequency bandwidth at half amplitude is 1.24 octaves
and peak spatial frequency was set to 8 cpd. Four main
experiments investigating (1) the eﬀect of relative phase
between target and mask, (2) the spatial extent of inter-
actions, (3) the pattern speciﬁcity of contextual eﬀects,
and (4) the eﬀects of local orientation, were conducted
(described below). In all experiments, target and mask
radial frequency patterns were concentric, with target
mean radius subtending 1.14. Target patterns had a ra-
dial frequency of 5, except where otherwise speciﬁed. In
most experiments, masking eﬀects were evaluated for a
modulated RF mask with a radial frequency of 5 (Fig.
1b) and a control mask (a circle Fig. 1c). In all experi-
ments, modulated mask amplitude was set to 15 times
initial measures of detection threshold. Mean target–
mask distance was 0.29 except where otherwise speci-
ﬁed. The radius of the control (circle) mask was set to
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lated mask. In all cases, masks were ﬁxed, and 3 target
phases were used, yielding three relative target–mask
phases for modulated masks (Fig. 1b). Target and mod-
ulated mask were either in-phase (0 diﬀerence), 90 out-
of-phase, or completely out of phase (180 diﬀerence).
In order to ensure that the phase of the highly modu-
lated mask did not provide any cues as to the relative
phase of target and mask, mask phase was held constant
and target phase modiﬁed. Baseline measures were made
for target radial frequencies presented alone at three dif-
ferent phases (rotations of 45, 135 and 225).
For the experiment where the number of mask visible
cycles was limited (Experiment 3a), a Gaussian window
was applied to the radial frequency pattern so that:
rðhÞ ¼ rmeanð1þ A sinðxhþ /ÞÞ  expððhþ /Þ=ðnp=xÞÞ6
where symbols are as described above and n is the num-
ber of visible cycles.
For the experiment where the mask was deﬁned by
second-order characteristics (Experiment 4a), a ra-
dially-modulated Gaussian window was multiplied with
a radial grating carrier so that:
rðhÞ ¼ sinðf hÞ  exp

rmeanð1þ A sinðxhþ /ÞÞð4=r
4Þ
 
where symbols are as described above, f is the number of
carrier cycles corresponding to 8 cpd at a given radius,
and r determines the extent of the Gaussian window.
2.3. Psychophysical procedure
A temporal 2AFC paradigm and the method of con-
stant stimuli were used. Observers indicated which of the
two intervals contained the deformed target circle (the
RF pattern) by pressing one of two keys. Observers ini-
tiated each trial with a key press, 300 ms after which the
two stimulus intervals each appeared for 150 ms. A rel-
atively short presentation time was chosen in order to
minimize eye-movements. Stimulus intervals were sepa-
rated by 500 ms during which the mean-luminance grey
background was shown. No ﬁxation point was used.
Observers were instructed to ﬁxate the centre of the
screen, and stimulus position was jittered randomly
within a radius of 0.17 from the centre of the screen.
Within a block of trials (one run) 4–6 levels of radial
amplitude modulation were each shown 30 times in
pseudo-random order. The three target–mask phase
combinations (or target phases for baseline and control
mask measures) were randomly interleaved within a
block of trials. Measures from each run and for each
phase combination were ﬁt with a Quick (Quick, 1974)
function using maximum likelihood estimation. Thresh-
olds were deﬁned at 75% correct responses. Each condi-
tion was run a minimum of three times and separate
threshold estimates were averaged.2.4. Data analysis
A repeated measures ANOVA was carried out for
each set of conditions in each experiment and compari-
sons were tested using Scheﬀe´s method. These statistical
analyses were run for each individual observer and for
group data; both led to similar patterns of signiﬁcance
and results are reported for group data in the text.
Experiments 1 and 2a: For each of the target–mask dis-
tances: Mask condition (Modulated, Control, Base-
line) ·Mask location (inner or outer) · Relative phase.
Experiment 2b: Mask condition (2 modulated in-phase,
1 inner, 1 outer, baseline) · Relative phase. Experiment
3a: Number of visible mask cycles (baseline, control, 1,
3, 5) · Relative phase. Experiment 3b: Mask radial fre-
quency (baseline, control, 3, 6, 10). Experiment 4a:
Mask characteristics (ﬁrst-order, second-order) ·Mask
type (baseline, RF0 control, RF5-0, RF5-180).
Results reported in the text as being signiﬁcant, are
those that were found by Scheﬀe´s method to be signiﬁ-
cant at p < 0.05.3. Experiment 1: relative phase of target and mask
To establish whether there are context-speciﬁc inter-
actions between laterally displaced RF patterns, eﬀects
of relative phase (equivalent to relative rotation) be-
tween target and mask were evaluated. Unmasked
thresholds were ﬁrst measured for all subjects, where
the target pattern was presented alone in one of three
phases. Thresholds were extremely good, with Weber
fractions ranging from 0.0018 to 0.0029 (corresponding
to 7.5–12 arc s), and there was no signiﬁcant phase
dependence. Baselines are indicated by the shaded areas
in all ﬁgures in which they appear.
Two masking conditions were tested, where masks
consisted of either a modulated radial frequency pattern
with 5 cycles (amplitude modulations of 0.04 for DG
and CH, and 0.06 for BZ) or a control circle. Masking
was evaluated for the 3 relative target–mask phases for
modulated masks (Fig. 1b) and for the 3 target phases
for control (circle) masks. Both inner (smaller, Fig. 1d)
or outer (larger) mask locations were tested. Mean tar-
get–mask distance was 0.29.
Results for the masking conditions (Fig. 2) reveal
that the circular control mask had no eﬀect on target
measures even though its radius had been adjusted to
equal the smallest distance between target and modu-
lated mask. In contrast, modulated masks did interfere
with test RF detection. This eﬀect was greatest when tar-
get and masks were in the same phase, decreased at a 90
phase diﬀerence and disappeared at 180. The inner
mask exerted a slightly stronger inﬂuence than the outer
mask. These ﬁndings were conﬁrmed statistically by
main eﬀects of masking condition (baseline vs. control
Fig. 3. Deformation thresholds as a function of mean target–mask
distance for each of the three relative phases tested (data for the
modulated masks only are shown), with the data from inner and outer
masks averaged.
Fig. 2. Deformation thresholds as a function of relative phase for a
mean target–mask distance of 0.29. The mask was either smaller
(inner) or larger (outer) than the target. Shaded areas indicate baseline
measures in all ﬁgures where they appear. Bars represent the standard
error of the mean and are smaller than the symbols where they are not
visible.
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vs. out; F1,5 = 94.4, p= 0.0002), and relative phase
(F2,10 = 96.4, p< 0.0001), and interactions between
mask condition and both location (F2,10= 20.0,
p= 0.0003) and relative phase (F4,20 = 57.37, p<
0.0001). This establishes the presence of context-depend-
ent shape masking.4. Experiment 2: spatial extent of interactions
4.1. Experiment 2a: single mask
The strength of lateral masking typically decreases
with distance. In order to examine the spatial spread
of the present contextual eﬀect, we repeated the ﬁrst
experiment for double (0.57) and quadruple (1.14)
the lateral separation between target and mask. OnlyFig. 4. Threshold elevations as a function of relative phase for masking con
Experiment 2a). Black arrows indicate threshold elevation expected from su
generally stronger (except for BZ) than predicted by summation.the outer mask could be tested at the furthest distance
because of the targets size (1.14 radius). Results (Fig.
3) indicate that masking strength declined with distance
(F2,14= 27.76, p< 0.0001), and with increasing diﬀer-
ence in phase as in the previous experiment
(F4,28= 39.1, p< 0.0001). Masking was weaker/absent
for a distance of 1.14 (p> 0.05).
4.2. Experiment 2b: two masks
We next examined the combined eﬀect of simultane-
ous inner and outer masks using a mean target–mask
distance of 0.57. In diﬀerent trials, inner and outer
masks were shown together in identical or opposite
phases. Results (Fig. 4) indicate that two identically-
rotated masks diﬀered from a single one (F3,21 =
42.39, p< 0.0001) and more than doubled the eﬀect
of a single mask (DG and CH; doubled for BZ) when
in the same phase as the target (p< 0.0001), and as in
previous experiments, had no eﬀect for opposite tar-
get–mask rotations. When the two masks had opposite
rotations, only the single mask in phase with the target
had any eﬀect (data not shown). These data clearly dem-ditions with 1 and 2 masks (data for single masks are re-plotted from
mmation of elevations caused by single masks. Note that masking is
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extending out to at least ±0.57 from the test RF.5. Experiment 3: pattern-speciﬁc context eﬀects
The data above indicate that context-dependent
masking between patterns of identical shape occurs
when target and mask curvature maxima are in phase.
To extend understanding of this context eﬀect, experi-
ments were conducted in which masks diﬀered in shape
from the RF target.
5.1. Experiment 3a: reduced cycle masks
This experiment employed RF = 5 masks with the
number of cycles reduced to one or three (see inset,
Fig. 5). Such patterns have been used previously to dem-
onstrate that local curvature within these patterns is
pooled globally (Loﬄer et al., 2003). Thresholds for
the reduced cycle patterns were ﬁrst determined, and
mask amplitudes were again set to 15 times detection
threshold, with amplitudes of 0.2 (BZ) and 0.16 (CH)
for the mask with 1 visible cycle, and of 0.09 (BZ) and
0.06 (CH and DG) for the mask with 3 visible cycles.
Mask radii were adjusted so that the closest point be-
tween target and mask corresponded to a mean distance
of 0.29, as in the ﬁrst experiment.
Results (Fig. 5) indicate that there was a signiﬁcant
main eﬀect of number of cycles (F3,15 = 19.27,
p< 0.0001) and of phase (F2,10= 42.62, p< 0.0001),
and an interaction between the two (F6,30 = 9.28,
p< 0.0001). Masking eﬀects for identical target–mask
phases increased with the number of visible cycles as
indicated by the diﬀerence between masks with 1 and
5 visible cycles (p= 0.016).Fig. 5. Deformation thresholds as a function of number of mask cycles
for conditions where the mask contained 1, 3 or 5 visible cycles of a
radial frequency pattern with 5 cycles of modulation. Data for the 5
cycle mask were re-plotted from Experiment 1. Threshold elevations
increase with number of visible cycles.5.2. Experiment 3b: target and mask of diﬀering radial
frequency
Thus far, target and mask have been of identical ra-
dial frequency, so we next evaluated the radial frequency
speciﬁcity of contextual interactions for a range of target
and mask frequencies. Thresholds were measured for an
RF = 5 target with masks of RF = 3, 5, 6, or 10 (BZ and
CH). Each of the radial frequencies of 3, 6, and 10 cycles
was set to mask modulations of 0.06, 0.04, 0.035 for CH
and 0.1, 0.06, 0.05 for BZ, respectively. Thresholds were
also measured for an RF = 4 target with masks of
RF = 0, 4, or 5 (BZ, mask modulations of 0.06; SR,
mask modulations of 0.04), and for an RF = 6 target
with masks of RF = 0, 5, 6, or 10 (CH, mask modula-
tions as speciﬁed above). Baseline thresholds were ﬁrst
measured for the unmasked RF = 4 (0.0025 and 0.0038
for SR and BZ respectively) and RF = 6 patterns
(0.0023 for CH), and other parameters were identical
to those in the previous experiment.
Results for the RF = 5 target (Fig. 6, top panel) indi-
cate that only the RF = 5 mask produced a major
threshold elevation, although the RF = 10 mask did
produce target thresholds slightly higher than the con-
trol mask (p= 0.017). Results for the RF = 4 and
RF = 6 targets (Fig. 6, lower panel) indicate that
RF = 4 and RF = 6 masks respectively led to a sub-
stantial threshold elevation, and that other masks pro-
duced little or no eﬀect on threshold. Thus, there is
substantial radial frequency speciﬁc tuning of context
masking.Fig. 6. Deformation thresholds for a target pattern as a function of
mask radial frequency. The top panel shows data for a target radial
frequency of 5 cycles (target indicated by arrow), and the lower panel
targets of 4 (black arrow, BZ and SR) or 6 cycles (white arrow, CH). A
mask radial frequency of 0 corresponds to the control (circle) mask.
For the target of radial frequency 5, data for the control mask and the
mask with 5 cycles of modulation (in same phase as target) were re-
plotted from Experiment 1. Gray lines indicate baseline measures for
each subject. Masking is sharply tuned for pattern shape.
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interactions?
Throughout these experiments, the data indicate that
contextual masking is speciﬁc for both shape and align-
ment. In order to assess the contribution of parallel local
orientation between mask and target to lateral masking,
experiments were conducted in which local orientation
of the mask was varied.6.1. Experiment 4a: target and mask of diﬀering
characteristics
Thus far, target and mask have both had D4 lumi-
nance proﬁles, and thus somewhat parallel local orienta-
tion structure when aligned with each other. In this
experiment, the mask was deﬁned by second-order char-
acteristics (orientation-deﬁned), and the target remained
identical to that of previous experiments (luminance-
deﬁned, ﬁrst-order), so that local (carrier) orientation
of the mask was orthogonal to that of the target (see in-
set Fig. 7, left hand-side).Fig. 7. Deformation thresholds for a target pattern deﬁned by ﬁrst-
order characteristics (as in previous experiments) when shown with
control (RF0) masks or with RF5 masks of diﬀering relative target–
mask phases (0 in-phase and 180 out-of-phase). Masks were deﬁned
by either second-order characteristics with local orientation orthog-
onal to the target (solid squares, top-left image) or by ﬁrst-order
characteristics similar to the target (hollow circles, top-right image).Thresholds were measured for an RF = 5 luminance-
deﬁned target with two modulated RF = 5 orientation-
deﬁned masks (1 inner and 1 outer, mean target–mask
distance of 0.57). Second-order modulated mask ampli-
tude was set to 15 times detection threshold (0.08 AMC,
0.1 CH). Thresholds were measured for two relative
target–mask phases (in-phase: 0 diﬀerence, and 180
out-of-phase; these were randomly-interleaved within a
single run), and for a control circle (RF0) mask whose
radius was set to equal the smallest distance between tar-
get and modulated mask. These same measures were re-
peated for the condition where target and mask were
both luminance-deﬁned as in previous experiments.
Results (Fig. 7) indicate that both luminance- and
orientation-deﬁned masks had a similar inﬂuence on
luminance-deﬁned targets (p> 0.05), and that a signiﬁ-
cant main eﬀect of mask type (modulation, relative
phase) appeared (F3,12= 20.516, p< 0.0001). Circle
masks and 180 out-of-phase modulated masks did not
inﬂuence target thresholds. The in-phase modulated
masks elevated thresholds signiﬁcantly by factors of
2.5 (AMC) and 3.3 (CH) for the masks deﬁned by
ﬁrst-order characteristics and by 2 (AMC) and 2.6
(CH) for masks deﬁned by second-order characteristics
(p= 0.004).
6.2. Experiment 4b: masks of varying amplitude
In order to further assess the eﬀect of parallel local
structure, mask amplitude was modulated so that local
orientation between target and mask varied. Local ori-
entation diﬀerence between target and mask increases
with mask amplitude, and one would expect thresholds
to decrease if parallel structure were the factor contri-
buting to masking. In contrast, the opposite pattern
would arise (threshold increase) if masking were depend-
ent on curvature or shape.
Thresholds were measured for an RF = 5 target
shown with two simultaneous inner and outer masks
(mean target–mask distance of 0.57, as in Experiment
2). Masks were shown at modulations of 15 times detec-
tion threshold (0.04), and at half and double that ampli-
tude (0.02 and 0.08, respectively). Target–mask relative
phase was always 0 (in-phase) with three randomly
interleaved absolute phases.
Results (Fig. 8) indicate that thresholds increase with
mask amplitude and approximately tripled between
mask modulations of 0.02 and 0.08. Power-laws were
ﬁt for each subject, yielding exponents of 0.88
(r= 0.934) for AMC, and of 0.65 (r= 0.999) for CH.
In order to further test the role of parallel structure,
we measured deformation thresholds for three concen-
tric patterns, all of which had the same modulation
amplitude and rotation (for all but AMC). Results indi-
cate that thresholds for this condition were between
0.0022 and 0.0035 (9–14 arc s, data not shown) and
Fig. 9. Maximum orientation diﬀerence between target at threshold
(averaged across subjects) and masks as calculated from deformation
thresholds. (a) Maximum orientation diﬀerences between target at
unmasked threshold (baseline) and each of the indicated masks (RF0,
RF5 in-phase, and RF5 180 out-of-phase). (b) Maximum orientation
diﬀerences calculated from target at masked threshold for each of the
mask amplitudes tested (amplitude 0 = RF0 control mask, re-plotted
from Experiment 4a).
Fig. 8. Deformation thresholds as a function of mask modulation
amplitude. Power law functions were ﬁt to the data; exponents are 0.88
(AMC) and 0.65 (CH).
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frequency pattern (p > 0.5).1 We thank an anonymous reviewer for suggesting that we
emphasize this result.7. Discussion
These experiments establish a novel conﬁgural inter-
action between complex curved shapes as exempliﬁed
by RF patterns. These interactions are dependent upon
accurate phase (or rotation) alignment between points
of maximum curvature on target and mask, and interac-
tions vanish when curvature extrema are 180 out of
phase. Furthermore, circular control masks do not inter-
act with the target, and masking increases with the cur-
vature (radial frequency amplitude) of the mask.
Conﬁgural interactions are sharply tuned for radial fre-
quency and increase with the number of mask cycles
even when target and mask RF are identical. These
interactions extend to at least ±0.57 from the target,
but only when target and mask are identical in RF
and phase. Finally, conﬁgural interactions persist
when the target is deﬁned by ﬁrst-order and the mask
by second-order characteristics, such that local lumi-
nance-deﬁned orientation between target and mask is
orthogonal. Certain aspects of these ﬁndings may ap-
pear consistent with local orientation-selective interac-
tions, but taken together they suggest an extrastriate
locus for these interactions. We argue below that these
results imply a curvature-speciﬁc population code for
RF patterns in human vision.7.1. Interactions based on local orientation-selectivity
Contextual interactions mediated at the level of V1
have been reported in previous work (Cavanaugh
et al., 2002a, 2002b; Kapadia et al., 2000; Levitt &
Lund, 1997, 2002; Li et al., 2000, 2001; Polat et al.,
1998; Sillito, Grieve, Jones, Cudeiro, & Davis, 1995).
The inﬂuence from the modulatory surrounds of V1
receptive-ﬁelds (non-classical receptive ﬁeld) can extend
over several degrees (Cavanaugh et al., 2002b; Levitt &
Lund, 2002) and span over the spatial extent of interac-
tions reported here. Furthermore, psychophysical tasks
probing V1-mediated interactions show inhibition for
conditions where a grating is ﬂanked by parallel grating
patches and no eﬀect when orientations are orthogonal
(Mareschal, Sceniak, & Shapley, 2001; Polat & Sagi,
1993, 1994; Polat & Tyler, 1999; Solomon & Morgan,
2000; Yu & Levi, 2000); similar eﬀects are found for tex-
ture elements (Wolfson & Landy, 1999). In the present
study, V1-mediated interactions would lead to the
strongest masking when target and mask share the most
parallel structure. At ﬁrst sight, the conﬁgural eﬀects re-
ported here may seem consistent with such dependence
upon local orientation, because masking is strongest
when target and mask are of same radial frequency
and aligned. Findings suggest otherwise, however. First,
target shape at near threshold values is similar to a circle
and shares more parallel local orientation with the circle
control mask (RF0) than with any other mask (Fig. 9a),
and yet no masking occurred here. 1 Second, the maxi-
mum diﬀerence in local orientation between the target
and in-phase modulated mask and the target and out-
of-phase modulated mask is less than 2 (Fig. 9a), but
Fig. 10. Illustration of model receptive ﬁelds centered on the target
radial frequency pattern of relatively low amplitude modulation
(middle contour) and extending over the highly modulated masks
(inner and outer contours). Receptive ﬁelds are aligned along the
points of maximum curvature and their responses are pooled globally.
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shape, whereas the out-of-phase mask did not. Orienta-
tion-dependent interactions wielding this type of inﬂu-
ence are not consistent with any known V1-mediated
mechanism. Third, based on orientation-dependent
interactions, a mask with local orientation orthogonal
to that of the target should not mask the target, yet con-
ﬁgural interactions persisted in the second-order mask
condition. Fourth, local orientations between target
and mask diﬀer increasingly (become less parallel) with
mask amplitude (Fig. 9b), and V1-mediated interactions
would predict a decrease in masking, but the opposite
pattern occurred: thresholds were found to increase with
mask amplitude. Finally, deformation thresholds for
three concentric patterns, all of which had the same
modulation amplitude and rotation did not diﬀer from
baseline measures for a single radial frequency pattern,
despite the fact that these patterns were parallel at all
points. These data do not support contextual interac-
tions based on local orientation, and we look to interac-
tions dependent on stimulus curvature or shape.
7.2. Interactions based on curvature or shape
At ﬁrst glance, radial frequency tuning might seem to
result merely from phase misalignment of curvature
extrema between diﬀerent radial frequencies. For exam-
ple, neither RF3 nor RF6 masks can exactly align with
more than one curvature maximum in an RF5 test
regardless of relative phase. While this might explain
part of the RF tuning, the RF10 mask was exactly
aligned with every curvature extremum in the RF5 test,
yet it produced only a minimal masking eﬀect. One dif-
ference between RF5 and RF10 in this instance is that
the local curvatures diﬀer greatly. However, we have
shown that for RF5 mask and target, masking increases
with curvature. Thus, our data suggest that RF tuning
of conﬁgural masking is dependent upon global shape
of the target and mask. This is consistent with evidence
that individual neurons in macaque V4 are selective for
a limited range of curvatures (Pasupathy & Connor,
1999, 2002).
Conﬁgural masking can be explained by a simple
model consistent with properties of V4 neurons (Fig.
10) in which local curvature is represented relative to
the centre of an object and in which convexity plays
the major role. Neural receptive ﬁelds responding to
an RF stimulus are assumed to be arranged radially
and centered on the target. Based on our data, receptive
ﬁeld diameter is estimated at about 1.1, consistent with
measures of V4 receptive ﬁelds (1–1.7) for the eccentric-
ity at which the contour lay (Gattass, Sousa, & Gross,
1988; Pinon, Gattass, & Sousa, 1998). Given V4 physio-
logical data (Pasupathy & Connor, 2001, 2002), these
receptive ﬁelds are assumed to respond to convex curva-
tures relative to the stimulus center. Our data suggestthat neural responses increase as increasing numbers
of convex contours fall within the receptive ﬁeld, and
that these responses exhibit a compressive non-linearity.
Under these conditions, the modulated mask would gen-
erate greater responses in regions of higher curvature,
which would consequently push the response into a
compressive region and lead to an increase in the mini-
mum curvature needed to elicit a discriminable response
from the test stimulus. Further support for this idea
comes from the ﬁnding that two masks led to at least
twice as large a threshold elevation as a single mask, that
thresholds for three concentric patterns of equal ampli-
tude did not diﬀer from thresholds for a single one, and
that thresholds increased with mask curvature (ampli-
tude). Note that this model also explains lack of thresh-
old elevation from masks 180 out of phase: in this case
it is mask concavities that align with test convexity extr-
ema, and these concavities would not activate the con-
vexity-sensitive receptive ﬁelds. Responses of these
curvature selective receptive ﬁelds are apparently pooled
globally to represent shape as evidenced by the increas-
ing eﬀect of the mask with the number of visible radial
frequency cycles. This is consistent with physiological
evidence for population coding in V4. Finally, both
alignment of maximum curvature and global shape
extraction through pooling would account for the radial
frequency dependence of masking evident in Fig. 6.
Our data further suggest that circles represent a neu-
tral state in the representation of curvature relative to an
object centre, as a circle corresponds to the case of min-
imum convexity at all points. Convex deviations from
circularity would lead to increased responses, and a
resulting shift in the representation of adjacent circles.
This is evidenced by our ﬁndings that the circle mask
did not inﬂuence the targets perceived shape, whereas
the modulated mask did for same but not opposite
phases. This may provide an explanation for the central
tendency of certain representations such as that reported
C. Habak et al. / Vision Research 44 (2004) 2815–2823 2823for circles when compared to ellipses, both in the visual
search (Treisman & Gormican, 1988) and aftereﬀect
(Regan & Hamstra, 1992) literature, and with shape-
contrast eﬀects in temporal masking (Suzuki & Cavan-
agh, 1998).
Our experiments make testable physiological predic-
tions. On the assumption that our pattern context eﬀects
reﬂect population coding in V4, we predict that sur-
rounding the complex curved patterns used in previous
V4 studies with a circle mask should have no eﬀect,
while surrounding with a larger but otherwise congruent
mask should interfere with the response to the test stim-
ulus. Likewise, existing information on V4 (Hinkle &
Connor, 2002) suggests areas for extending these psycho-
physical investigations, and we are evaluating contextual
interactions for complex shapes in depth. Thus, context-
dependent lateral masking should provide a useful new
tool for examining shape encoding at intermediate levels
of the ventral visual pathway.Acknowledgments
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